1. Introduction {#sec1}
===============

Dye-sensitized solar cells (DSSCs) have been the center of attention for almost 3 decades after the report of Grätzel and O'Regan in 1991,^[@ref1]^ where they demonstrated the assembly of a DSSC based on TiO~2~ nanoparticles that reached an efficiency of 7.1%. Their novel photovoltaic device consisted of a photoelectrochemical system based on working principles that are very different to the traditional silicon-based p--n junction solar cell.^[@ref2]^ The DSSCs have several advantages, such as a simple structure using nontoxic components, a potential for low-cost manufacturing processes, high efficiency even under diffuse light, and easy assembly on glass, metallic, and flexible substrates.^[@ref3]−[@ref5]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the structure of a DSSC and illustrates the main processes and general functioning of the cell. The energy levels of the materials have been reported by Wei et al.^[@ref6]^

![Scheme of a DSSC showing the architecture and its working principle with the energy levels: (1) light absorption by dye molecules and generation of an excited state, (2) electron injection from the dye into the semiconductor conduction band, (3) electron transport through the semiconductor to the back contact, (4) reduction of the oxidized dye molecule with iodide, resulting in regeneration of the dye ground state, and (5,6) electron recombination and recapture process by the dye and electrolyte, respectively.](ao0c00794_0001){#fig1}

TiO~2~ is the most used semiconductor in DSSC structure because of its properties such as wide band gap energy, high conduction band edge, large surface area, and excellent chemical stability. However, the electron mobility is quite low (0.1--4 cm^2^/V s at 300 K) compared to other oxide semiconductors.^[@ref7]^ Different metal oxide semiconductors have been reported as an electron transport layer in DSSCs, such as ZnO,^[@ref8]^ SnO~2~,^[@ref9]^ and Nb~2~O~5~,^[@ref10]^ with ZnO having the highest electron mobility (205--300 cm^2^/V s at 300 K). Although the efficiency of ZnO-based DSSCs is still lower than that of TiO~2~-based devices, ZnO can be considered an attractive alternative to TiO~2~ because of its simple and low-cost synthesis methods. Furthermore, it can be synthesized in a wide range of morphologies^[@ref7]^ including nanowires, nanotubes, nanotips, nanoforests, nanoflowers, nanosheets, and nanobelts.^[@ref11]^ Among all the different morphologies, ZnO nanoflowers have shown an enhancement in DSSC performance because of their larger surface area for dye adsorption, direct transport pathways, and efficient scattering centers for a better light harvesting efficiency.^[@ref12],[@ref13]^ The coupling of ZnO and TiO~2~ has been investigated through different procedures such as simple addition of ZnO powder to TiO~2~^[@ref14]^ or mixing both oxides during the synthesis process.^[@ref15],[@ref16]^ These procedures can result in a structure consisting of a blend of ZnO and TiO~2~ nanoparticles or a core--shell structure.^[@ref17],[@ref18]^ ZnO nanoflowers have also been combined with TiO~2~ using different strategies. Prabakar et al.^[@ref19]^ grew ZnO nanoflowers directly on fluorine-doped tin oxide (FTO) substrates using hexamethylenetetramine (HMTA) as an additive and coated them with TiO~2~ using the sol--gel method, obtaining an efficiency of 3.1% and an increase of around 100 mV in open-circuit voltage (*V*~OC~). Wei et al.^[@ref20]^ coupled TiO~2~ nanoparticles and ZnO nanoflowers via a solution-phase method, controlling the morphology with HMTA. They achieved an efficiency of 2.82% using 25% of ZnO nanoflowers in the photoanode. Chauhan et al.^[@ref21]^ treated the surface of a ZnO nanoflower electrode with TiCl~4~ in order to passivate the surface, resulting in an efficiency of 6.12%. They obtained the ZnO nanoflowers using a 24 h hydrothermal synthesis method without any additives to obtain the desired morphology. Even though the performance improvement in a TiO~2~/ZnO nanoflower DSSC has already been shown, most of the reported devices require multistep synthesis methods, additives, or long reaction times to obtain ZnO nanoflowers or extra steps to fabricate the solar cell. These factors increase the fabrication cost and affect the large-scale production of the DSSC.

Recently, the incorporation of plasmonic metallic nanoparticles into the DSSC photoanode structure has been reported in order to improve the cell performance based on the localized surface plasmon resonance (LSPR).^[@ref22]^ There are various metal nanoparticles that have been incorporated, such as gold,^[@ref23]^ silver,^[@ref24]^ and aluminum;^[@ref25]^ gold and silver are the most common materials. Au nanoparticles have been incorporated in TiO~2~-based^[@ref23],[@ref26]^ and ZnO-based photoanodes,^[@ref27]^ presenting in all cases an efficiency enhancement.

In this paper, we report on the assembly of a DSSC based on TiO~2~ and ZnO nanoflowers, varying the proportion of ZnO in 5, 10, and 15%. The ZnO nanoflowers were synthesized using a solvothermal synthesis method in a conductively heated sealed vessel reactor, which allows shorter reaction times than conventional hydrothermal reactors. Besides a short reaction time, the absence of additives and extra steps in the cell assembly are other advantages of this strategy. In addition, the most efficient TiO~2~/ZnO solar cell was further modified by adding different concentrations of Au nanoparticles in order to further enhance the device performance. Although a performance enhancement is often reported, a detailed explanation is often lacking. In this work, we use advanced electrochemical characterization techniques including electrochemical impedance spectroscopy (EIS) and intensity-modulated photovoltage and photocurrent spectroscopies (IMVS/IMPS) to determine the mechanisms behind the improved performance.

2. Results and Discussion {#sec2}
=========================

2.1. ZnO Nanoflowers/TiO~2~ Photoanode {#sec2.1}
--------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a field emission scanning electron microscopy (FE-SEM) image of the synthesized ZnO nanomaterial, demonstrating a three-dimensional flower-like morphology, composed of six nanorods with pyramidal tips in the same plane and two nanorods perpendicular to the plane. The average width of the well-defined petals is 370 ± 50 nm, while the length is 772 ± 85 nm. The statistical average data were obtained measuring 50 nanoflowers using ImageJ software. The ZnO nanoflower material was blended with TiO~2~ anatase nanoparticles in order to prepare the pastes denoted as 5Z, 10Z, and 15Z, where the number corresponds to the weight percentage of ZnO, and DSSCs were assembled and characterized.

![FE-SEM image of synthesized ZnO nanoflowers; the inset shows the high-magnification image of a nanoflower.](ao0c00794_0005){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the XRD patterns of the screen-printed layers on the FTO substrate after sintering at 530 °C for T, 5Z, 10Z, and 15Z samples and the corresponding JCPDS for TiO~2~, ZnO, and SnO~2~. For all samples, the main peak corresponding to anatase (101) crystallographic plane at 25.28° is observed. For 5Z, 10Z, and 15Z samples, the reflections are consistent with the database pattern JCPDS no. 36-1451, which corresponds to ZnO in wurtzite phase, crystallized in hexagonal structure with spatial group *P*6~3~*mc*. Furthermore, the peak intensity increases with the content of ZnO. Furthermore, diffraction peaks corresponding to SnO~2~ in the cassiterite phase are observed in all samples; its presence is due to the FTO substrate.

![X-ray diffraction patterns of the printed layers of TiO~2~ (T), 95% TiO~2~/5% ZnO (5Z), 90% TiO~2~/10% ZnO (10Z), and 85% TiO~2~/15% ZnO (15Z) on FTO after sintering (JCPDS no. 21-1272 used for TiO~2~ anatase, JCPDS no. 036-1451 for ZnO wurtzite, and JCPDS no. 41-14445 for SnO~2~ cassiterite).](ao0c00794_0006){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the current density--voltage (*J*--*V*) curves of solar cells fabricated with the four different pastes. The curves correspond to a cell with a performance close to the average values of the performance parameters, which are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![*J*--*V* curves of the samples T, 5Z, 10Z, and 15Z.](ao0c00794_0007){#fig4}

###### Photovoltaic Parameters and BET Surface Area of T, 5Z, 10Z, and 15Z Samples[a](#t1fn1){ref-type="table-fn"}

  ------ -------------- -------------- -------------------- ------------- -------------
  DSSC   BET (m^2^/g)   *V*~OC~ (mV)   *J*~SC~ (mA/cm^2^)   FF            η (%)
  T      107            707 ± 11       7.20 ± 0.67          0.61 ± 0.01   3.12 ± 0.34
  5Z     70             810 ± 14       3.68 ± 0.35          0.68 ± 0.04   1.96 ± 0.08
  10Z    72             800 ± 0.0      2.74 ± 1.10          0.68 ± 0.02   1.49 ± 0.61
  15Z    73             820 ± 0.0      2.12 ± 0.35          0.69 ± 0.01   1.20 ± 0.22
  ------ -------------- -------------- -------------------- ------------- -------------

The photovoltaic values correspond to the average of three measured cells or each series.

The reference cells based on only TiO~2~ show the best performance, achieving the highest short-circuit current density (*J*~SC~). The efficiency of the Z-series cells based on TiO~2~ mixed with ZnO nanoflowers decreases upon increasing the ZnO quantity, from 1.96% for 5Z cells to 1.20% for 15Z cells. On the other hand, the *V*~OC~ is higher for the solar cells with ZnO and is approximately the same for 5Z, 10Z, and 15Z; hence, the decrease in solar cell performance is mostly related to the decrease in *J*~SC~, which decreases as the content of ZnO increases. Interestingly, *J*~SC~ drops approximately 50% for the photoanode with only 5% ZnO nanoflowers. There are several factors that influence the *J*~SC~: (i) the amount of dye molecules adsorbed on the semiconductor surface that result in efficient light harvesting; (ii) the electron injection efficiency; (iii) the electron collection efficiency; and (iv) the dye regeneration efficiency.^[@ref28]^ Hence, several reports attribute lower *J*~SC~ values for ZnO-based DSSC to slower electron injection from dye to ZnO as compared to TiO~2~, independently of the redox mediator used.^[@ref29]^ It has been noted that the electrical nature of ZnO, that is, its lower electric constant, does not facilitate the separation of charges in the interface of semiconductor/dye/electrolyte.^[@ref30]^ Furthermore, it is well known that ZnO is not stable under acidic conditions. In fact, the acidic N719 ethanolic solution has been shown to lead to the formation of Zn^2+^--dye complexes that may hinder electron injection and block electron transport.^[@ref31]^ Moreover, as observed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the relative surface area decreases considerably with the presence of ZnO nanoflowers. The higher surface area of sample T (107 m^2^/g vs 70--73 m^2^/g) allows for the adsorption of more dye molecules, which may directly improve the *J*~SC~.

On the other hand, an important observation from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} is that the *V*~OC~ is approximately 100 mV larger for the cells containing ZnO as compared to TiO~2~ cells. A large *V*~OC~ may be related to slow recombination and better electron collection efficiency. Hence, a possible explanation for the increase in *V*~OC~, related to the incorporation of ZnO nanoflowers into the TiO~2~ structure, may be the higher electron mobility of ZnO, which improves the electron transfer and facilitates the charge carrier separation.^[@ref32]^ According to the *J*--*V* curves, the fill factor (FF) for Z-series cells was slightly better than that for T cells. As is clear from this description, from only *J*--*V* curves, it is not possible to determine the fundamental reason for a change in performance. In order to distinguish between the different possible explanations, a detailed analysis needs to be performed using small-signal perturbation methods. EIS, IMPS, and IMVS are powerful tools to obtain quantitative information on the chemical capacitance (*C*~μ~), the charge-transfer or recombination resistance (*R*~ct~ or *R*~rec~), the electron lifetime, and the electron diffusion coefficient (*D*~n~). For the systems under consideration here, we have compared the performance parameters of DSSCs consisting of TiO~2~ modified with ZnO nanoflowers cells with those of only TiO~2~ cells.

EIS measurements are generally performed under illumination at the voltage corresponding to open-circuit conditions; by varying the light intensity, the *V*~OC~ can be tuned and hence the quasi-Fermi level in the photoanode. EIS spectra were analyzed by fitting the results to the electrical circuit corresponding to the transmission line model developed by Bisquert et al.^[@ref33]^ using ZView software. The Nyquist plots related to each system are shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf), and the corresponding electrical circuit is demonstrated in Figure S2, both in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf). Interpretation of the impedance spectra using this model can provide direct information about the electron transport and recombination processes, charge accumulation, and the energetic distribution of trap states. Generally, the Nyquist plots have up to three semicircles, where the high-frequency semicircle is related to the charge-transfer resistance at the counter electrode (*R*~Pt~), the medium-frequency semicircle is related to *C*~μ~ and the recombination resistance (*R*~ct~ or *R*~rec~) at the interface between the semiconductor and the electrolyte, and the low-frequency semicircle is related to the diffusion impedance in the electrolyte (*R*~d~); the low-frequency arc usually disappears in high-performance electrolytes, such as the I^--^/I~3~^--^ redox couple. The displacement from the origin corresponds to the series resistance, which is generally dominated by the FTO substrate resistance (*R*~s~).^[@ref33]^

The electrical circuit model was fitted to the Nyquist plots, which were obtained from the EIS spectra at each *V*~OC~, and *C*~μ~ values were obtained from these fittings. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows *C*~μ~ as a function of *V*~OC~, illustrating the typical exponential dependence in accordance with an exponential distribution of trap states characterized by the parameter, α, for all systems, as given in the general relation

![(a) Chemical capacitance, *C*~μ~, vs the open-circuit voltage, *V*~OC~, for the four systems. (b) Recombination resistance, *R*~ct~, vs the total electron density, *n*, for the samples T, 5Z, 10Z, and 15Z.](ao0c00794_0008){#fig5}

[Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} shows that, through the value of *C*~0~, the value of *C*~μ~ also depends on the total density of traps, *N*~T~, and the position of the conduction band edge of the semiconductor material with respect to the redox energy, (*E*~C~ -- *E*~redox~); hence, *C*~0~ may be different for the different photoanode materials. For all cells, *C*~μ~ increases when *V*~OC~ increases. It can be observed that there is a significant difference both in *C*~μ~ values and the slopes of the graphs, specifically between the T and 5Z cells and between the 10Z and 15Z cells. These results indicate that the systems have different trap distributions.

In addition, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows that the values of *C*~μ~ are markedly different for the systems with more ZnO, which is caused by a lower density of trap states at the respective quasi-Fermi level. This behavior is either due to a lower intrinsic trap density or because of a shift of the band edges to higher energy. Since for all systems the majority material is TiO~2~, it is more likely that a significant shift of the band edges, due to charging of the ZnO component, is responsible for these observations. The shift of the band edges to higher energy strongly affects the cell performance: on the one hand, *V*~OC~ may increase but, on the other hand, the injection efficiency may decrease. The magnitude of the shift increases with the amount of ZnO; thus, it is likely that an optimal amount of ZnO exists where the cell performance is better. Hence, the EIS measurements indicate that there is a significant shift of the band edges, which results in a lower injection efficiency deriving in a lower *J*~SC~ and also in an increase in *V*~OC~. Interestingly, the shift of the band edges increases strongly with the amount of ZnO; however, *V*~OC~ increases significantly for the 5Z samples but then appears to saturate.

The charge at a given open-circuit voltage is expressed as d*n* = *C*~μ~d*V*~OC~, and, hence, the total charge, *n*, can be obtained as a function of voltage by integration of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, which results in the following equation

[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} indicates that *C*~μ~ is linear with electron density. This can be seen as a straight line with a slope of 1 and an intercept of α in Figure S3 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf)), where *C*~μ~ is graphed versus the total electron density in a log--log plot.

In order to determine the effect of recombination kinetics on the cell performance, it is useful to plot *R*~ct~ versus *n* as determined from *C*~μ~, which is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b.

The recombination resistance decreases with increasing electron density, indicating that recombination becomes faster in agreement with expectations. In addition, it can be observed that *R*~ct~ at a fixed total electron density is much larger for the T and 5Z cells than for the 10Z and 15Z cells that have more ZnO, suggesting that recombination is faster at the ZnO surface, which is in agreement with previous studies. As a consequence, it can be inferred that the *V*~OC~ for the 10Z and 15Z samples saturates because of faster recombination kinetics, off-setting the benefits of the band edge shift.

This interpretation can be corroborated by evaluating the electron lifetime as a function of electron density, that is, the quasi-Fermi level. The lifetime can be obtained from both EIS and IMVS, which are also conducted under open-circuit conditions. From EIS, the electron lifetime is calculated from τ~n~ = *R*~ct~*C*~μ~. The IMVS spectra generally consist of a single semicircle, and the lifetime is obtained from the frequency at the apex using τ~IMVS~ = 1/ω~min~. Figure S4, in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf), shows a representative IMVS spectrum. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the electron lifetime versus the electron density for the four systems, and it can be observed that EIS and IMVS give very similar results. In addition, the lifetime follows the same trends as observed for *R*~ct~, thus corroborating the results.

![Electron lifetime vs the total electron, *n*, density for samples T, 5Z, 10Z, and 15Z obtained from both EIS and IMVS under open-circuit conditions.](ao0c00794_0009){#fig6}

The recombination kinetics as described by the lifetime, combined with the relative position of the band edges, determine the open-circuit conditions; however, electron transport may also play an important role, in particular in the collection efficiency: faster transport may compete more successfully with recombination. IMPS is performed under short-circuit conditions, and the transport time constant can be obtained from the apex of the single arc. The arc is usually observed through τ~IMPS~ = 1/ω~min~ = *d*^2^/γ*D*~n~, where *D*~n~ is the effective electron diffusion coefficient, *d* is the film thickness, and γ is a constant that is taken to be 2.35, as generally observed for TiO~2~.^[@ref34]^ Figure S5, in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf), shows a representative IMPS spectrum. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the dependence of *D*~n~ obtained under short-circuit conditions on the light intensity, illustrating the exponential dependence characteristic of trap-limited transport. In this case, it is observed that the T samples have the best transport properties and that the 10Z and 15Z samples show a very similar behavior; transport is slightly slower for the 5Z cells. It should be stressed that if the injection efficiency is different between the T and Z cells, as concluded from the *J*--*V* curves and EIS results under open-circuit conditions, the total electron density in the films is not the same for the different samples at the same photon flux. This complicates a precise interpretation of these results; however, the T cells have a higher injection efficiency, which explains the higher *D*~n~ with respect to the 5Z cells. In general, these results indicate that the transport properties do not significantly affect cell performance but rather that recombination and shift of the band edges govern the performance.

![Electron diffusion coefficient (*D*~n~) vs incident light intensity for T, 5Z, 10Z, and 15Z solar cells obtained from IMPS measurements under short-circuit conditions.](ao0c00794_0010){#fig7}

2.2. Incorporation of Plasmonic Au Nanoparticles on Flower-like ZnO Particles {#sec2.2}
-----------------------------------------------------------------------------

Because the 5Z cells have shown the best performance among the Z-series cells, this ZnO proportion (5%) was selected for the incorporation of Au nanoparticles. The concentration of Au nanoparticles added into the DSSC was varied to evaluate its effect on device performance. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows FE-SEM images of the flower-like ZnO/Au nanostructures. In these micrographs, the Au nanoparticles are well distributed over the structure without forming agglomerates, as confirmed by elemental X-ray Au maps (Figures S6--S8 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf)). The Au nanoparticle size is 26 ± 5 nm for sample 5Z-601A, 17 ± 3 nm for sample 5Z-550A, and 14 ± 2 nm for sample 5Z-418A. The average size and standard deviation of the Au nanoparticles were obtained using ImageJ software based on the measurement of 50 nanoparticles. As the quantity of Au decreases, the particle size also decreases, which is due to the synthesis method: as the relative quantity of ZnO powder in the reaction increases, the concentration of precursors (HAuCl~4~ and sodium citrate) decreases, leading to smaller nanoparticles. The elemental composition was determined by energy-dispersive X-ray spectroscopy (EDXS) (Figure S9 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf)), and the presence of Zn, O, and Au with well-defined peaks is confirmed; no other peaks corresponding to impurities were detected.

![FE-SEM images of flower-like ZnO/Au nanostructures with a varying quantity of Au nanoparticles in samples: (a) 12,020; (b) 11,000; and (c) 8360 mg/kg; (d) FE-SEM image of the DSSC electrode 5Z consisting of 95% TiO~2~ and 5% ZnO; inset: FE-SEM image of the photoanode 5Z-601A.](ao0c00794_0011){#fig8}

In order to assess the chemical composition, the ZnO/Au samples were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The Au concentration values (experimental composition) are about 12,020, 11,000, and 8360 mg/kg (ppm). Therefore, the final experimental concentration of Au in the TiO~2~/ZnO/Au composites is as follows: 601, 550, and 418 mg/kg (ppm) for samples 5Z-601A, 5Z-550A, and 5Z-418A, respectively. The last three digits of the name of each sample correspond to the ppm value of Au present in the photoanode. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d shows representative FE-SEM images of the screen-printed photoanode (5Z sample), and the inset shows the TiO~2~/ZnO/Au composite for the 5Z-601A sample as an example.

DSSCs have been fabricated with the three different pastes containing 95% TiO~2~ and 5% ZnO, with the ZnO decorated with different quantities of Au nanoparticles. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the *J*--*V* curves of cells with photovoltaic performance close to the average performance, as detailed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The incorporation of Au nanoparticles affects both the *J*~SC~ and *V*~OC~ values of the solar cells, depending on the concentration of particles added to the system. For all cells, a further increase in the *V*~OC~ was observed as compared to the reference cell (5Z).

![*J*--*V* curves of solar cells 5Z, 5Z-418A, 5Z-550A, and 5Z-601A.](ao0c00794_0012){#fig9}

###### Photovoltaic Parameters of Samples 5Z, 5Z-418A, 5Z-550A, and 5Z-601A[a](#t2fn1){ref-type="table-fn"}

  DSSC      *V*~OC~ (mV)   *J*~SC~ (mA/cm^2^)   FF            η (%)
  --------- -------------- -------------------- ------------- -------------
  5Z        810 ± 14       3.68 ± 0.35          0.68 ± 0.04   1.96 ± 0.08
  5Z-418A   886 ± 11       4.55 ± 0.43          0.73 ± 0.01   2.79 ± 0.25
  5Z-550A   867 ± 23       4.02 ± 0.14          0.70 ± 0.03   2.38 ± 0.19
  5Z-601A   813 ± 12       2.91 ± 0.74          0.69 ± 0.03   1.62 ± 0.33

The values are for three measured cells for each series and their corresponding standard deviations.

The influence of the incorporation of plasmonic nanoparticles on the performance of DSSC has been reported previously and in general has been ascribed to a combination of effects. A shift in a semiconductor quasi-Fermi level to more negative potential values may occur due to electron storage and equilibration between the metal oxide and the metallic nanoparticles^[@ref35],[@ref36]^ and, as a result, the *V*~OC~ may increase.^[@ref37],[@ref38]^ According to [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the *V*~OC~ increased approximately 3, 57, and 77 mV for 5Z-601, 5Z-550, and 5Z-418 systems, respectively. It has been shown that the beneficial effect of the presence of plasmonic nanoparticles not only depends on particle size but also on the quantity.^[@ref39],[@ref40]^ For example, the *V*~OC~ of 5Z-601 samples with the largest Au particles in both size and quantity was slightly (only 3 mv) higher than the *V*~OC~ of 5Z cells. This has been attributed to plasmonic nanoparticles acting as recombination centers when their quantity increases.^[@ref25],[@ref37],[@ref39]^ Recent research suggests that this phenomenon does not fully explain the dependence of performance on nanoparticle density and size.^[@ref41]^

The effect of Au nanoparticle size and quantity on *J*~SC~ shows a similar tendency: for the larger nanoparticles and larger quantity, *J*~SC~ in fact decreases compared to the neat 5Z solar cell, while for the smaller nanoparticles at smaller quantities, *J*~SC~ increases. The enhancement of *J*~SC~ is generally ascribed to improved light harvesting, related to both LSPR effects allowing for more efficient light absorption by the dye and the optical absorption of the plasmonic nanoparticles.^[@ref39],[@ref41]^ Moreover, a shift of the band edges related with the trapping of charge on the nanoparticles may also affect the injection efficiency for large concentration of Au nanoparticles.^[@ref42],[@ref43]^

For a detailed analysis of the systems under study, EIS, IMPS, and IMVS were performed to obtain quantitative information on the *C*~μ~, *R*~ct~, electron lifetime, and *D*~n~. The EIS spectra of the DSSC with different concentrations of Au nanoparticles are shown in Figure S10 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf)). [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows *C*~μ~ and *R*~ct~ versus *V*~OC~ and *n*, respectively, for the different systems. From [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, it can be concluded that the trap distribution parameter, obtained from the slope of the curves, is approximately the same for all the three systems with Au nanoparticles, although it is slightly larger than that for 5Z solar cells without Au. In addition, it can be seen that the curves are shifted to the right, to larger potentials, which indicates that the incorporation of Au nanoparticles leads to a shift of the band edges under illumination. Therefore, these results indicate that the increase of *V*~OC~ for cells with Au nanoparticles is partially caused by a further shift of the band edges to higher energies.

![(a) Chemical capacitance, *C*~μ~, vs open-circuit voltage, *V*~OC~, and (b) *R*~ct~ vs total electron density, *n*, obtained from EIS measurements under open-circuit conditions for samples 5Z, 5Z-601A, 5Z-550A, and 5Z-418A, where the value of *n* is controlled by tuning the light intensity.](ao0c00794_0002){#fig10}

The influence of the plasmonic Au nanoparticles on the recombination kinetics can be evaluated from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b, which shows that *R*~ct~ at the same charge density depends on the size and concentration of Au nanoparticles. In general, it can be seen that *R*~ct~ is smaller at the same value of the electron density when Au nanoparticles are present, decreasing with increasing concentration and size. This indicates that the charge-transfer process corresponding to recombination becomes faster upon incorporation of Au. Also, in this case, the slope of the curves is the same for the cells with plasmonic Au nanoparticles. These results clearly indicate that although a larger *V*~OC~ is obtained upon incorporating Au nanoparticles, this is not due to a decrease of the recombination kinetics but rather to a shift of the band edges.

This can be further evaluated by plotting the electron lifetime versus the total electron density, which is shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. It can be seen that the lifetime follows the same trends as *R*~ct~, indicating that recombination is effectively faster in the presence of Au nanoparticles, if compared at the same electron density. However, thanks to the shift of the band edges to higher energy, the electron density is reached at larger values of *V*~OC~, thus resulting in improved performance of the DSSC. The IMVS spectra are shown in Figure S11 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf).

![Electron lifetime obtained from EIS and IMVS performed under open-circuit conditions vs total electron density, *n*, for the samples 5Z, 5Z-601A, 5Z-550A, and 5Z-418A, respectively.](ao0c00794_0003){#fig11}

The effect of the presence of plasmonic Au nanoparticles on the electron transport kinetics was evaluated using IMPS under short-circuit conditions; see Figure S12 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf)) for the IMPS spectra. [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows *D*~n~ versus the light intensity, and it can be concluded that *D*~n~ increases in the presence of Au nanoparticles, following a similar trend as *J*~SC~.

![Electron diffusion length vs incident light intensity for DSSC samples 5Z, 5Z-601A, 5Z-550A, and 5Z-418A obtained from IMPS measurements under short-circuit conditions.](ao0c00794_0004){#fig12}

These results imply that the increase in *D*~n~ may be related to the increase in electron density in the semiconductor material because of LSPR promoted by the Au nanoparticles. The plasmonic nanoparticles store some of the electrons (photocharging effect) and change the Fermi level of the semiconductor. This follows a similar fashion as the one observed for the dependence of the *D*~n~ on the quantity of ZnO nanoflowers present in the photoanode. It can be concluded that the quantity of Au nanoparticles is crucial and provides means to further optimize the performance of DSSC.

3. Conclusions {#sec3}
==============

The influence of the incorporation of ZnO nanoflowers into the photoanode nanomaterial on the performance of TiO~2~-based DSSC has been evaluated in detail using both standard and specialized small-signal modulation methods, EIS, and IMVS/IMPS. In addition, the effect of modifying the ZnO nanoflowers with plasmonic Au nanoparticles has been determined.

The incorporation of ZnO nanoflowers results in a decrease of *J*~SC~; however, the *V*~OC~ increases significantly as compared to TiO~2~-based solar cells by up to 100 mV. These results are consistent with an interpretation where the band edges shift to higher energy upon adding ZnO related to trapped charge in the ZnO nanoflowers. Consequently, the injection efficiency and, hence, the *J*~SC~ decreases, but the maximum attainable *V*~OC~ increases. EIS, IMVS, and IMPS measurements confirm the shift of the band edges and show that although the recombination at the same electron density is, in fact, faster in the presence of ZnO, the benefits of the band edge shift for the *V*~OC~ can still be obtained. The best performing proportion of ZnO is found to be 5%; upon further addition, the injection efficiency decreases even more, and the *J*~SC~ becomes too small. The incorporation of ZnO is shown not to affect the transport kinetics significantly, as the effective electron diffusion coefficient, *D*~n~, is only weakly affected by the addition of ZnO.

For the best performing proportion of ZnO nanoflowers (5%), the material was further modified with plasmonic Au nanoparticles. In this case, both the *J*~SC~ and *V*~OC~ increase at the most fitting concentration of Au nanoparticles. The increase in *J*~SC~ is related to the positive effect of the presence of plasmonic Au nanoparticles on the overall absorption of light by the dye. In addition, the extra charge on the Au nanoparticles results in an additional shift of the band edges, which translates into a further increase of the *V*~OC~. Also, in this case, the concentration of Au nanoparticles is important: when more Au is added, both the current and the voltage decrease because of faster recombination kinetics, resulting in a reduction of light harvesting efficiency. The faster recombination kinetics is clearly observed in the results from EIS and IMVS that show that the electron lifetime decreases dramatically upon adding more Au. The value of *D*~n~ increases when more Au nanoparticles are added to the system; however, this improvement cannot offset the negative effects of faster recombination.

The most efficient device, among the DSSC with incorporation of ZnO--Au into a TiO~2~ photoanode, consists of 5% of ZnO, 95% of TiO~2~, and 418 ppm of Au nanoparticles, achieving an efficiency of 2.8%, which is still slightly lower than for only TiO~2~ at 3.1%. However, the *V*~OC~ obtained is much larger at 0.89 V as compared to 0.71 V, indicating that the Au-modified TiO~2~/ZnO composite photoanode provides a promising alternative for the supply of higher voltage. In order to increase the photocurrent, a change in the dye chemistry may provide a further improvement of the solar cell performance.

4. Experimental Details {#sec4}
=======================

4.1. ZnO Nanoflowers and Decoration with Au Nanoparticles {#sec4.1}
---------------------------------------------------------

The hydrothermal synthesis of ZnO nanoflowers was carried out at 140 °C for 30 min in a conductively heated sealed vessel reactor (Monowave 50, Anton Paar) as previously reported.^[@ref44]^ The morphology of the ZnO nanoflowers was analyzed using a field emission scanning electron microscope(FEI Nova NanoSEM 200).

ZnO nanoflowers were decorated with Au nanoparticles using 0.0102, 0.0204, and 0.0305 g of ZnO nanoflowers in 10 mL of 0.25 mM HAuCl~4~ solution (Aldrich, hydrogen tetrachloroaurate trihydrate ≥99%). The dispersions were heated to the boiling point under magnetic stirring. At the boiling temperature (100 °C), 500 μL of 1% wt/v sodium citrate dihydrate (Aldrich, Na~3~C~6~H~5~O~7~·2H~2~O ≥ 99%, FG) solution was added and the dispersions were maintained at the boiling temperature under stirring for 20 min. The dispersions were centrifuged and washed with distilled water and then dried at 100 °C for 2 h. The morphology of the flower-like ZnO/Au nanocomposites was observed by FE-SEM, using a Helix detector. The elemental composition was determined by EDXS using an INCA X-Sight EDS detector coupled to the microscope. To measure the concentration of Au in the ZnO/Au mixtures, ICP-AES was performed employing a Thermo Electron-ICAP 6500. For the preparation of the samples, 21 mg of each ZnO/Au mixture was dissolved in 12 mL of aqua regia (HCl/HNO~3~---3:1). The acid digestion process was carried out in an open vessel on a hot plate (70--85 °C).

4.2. Semiconductor Paste Preparation {#sec4.2}
------------------------------------

The screen-printing pastes were prepared using two solutions: (1) 0.15 g of ethyl cellulose (Aldrich, 100 cP) in 10 mL of ethanol and (2) 0.5 g of synthesized powder in 10 mL of ethanol. Both solutions were sonicated separately. After a 1 h sonication, 4.1 g of terpineol (Aldrich 99.5%, mixture of isomers, anhydrous) was added to solution (2), followed by another 1 h sonication. Then, solution (1) was added to the suspension and the mixture was sonicated for 1 h. The excess ethanol was removed with a rotary evaporator (Buchi R-210), resulting in seven different pastes, including only TiO~2~ nanoparticles (Aldrich, nanopowder \<25 nm, 99.7%) as reference cells (T) and TiO~2~/ZnO blends of 5, 10, and 15% of ZnO nanoflowers in TiO~2~ structure, labeled 5Z, 10Z, and 15Z-series cells, respectively. Nitrogen adsorption/desorption isotherms were obtained with a surface analyzer BELSORP max II (BELSORP series, BEL Japan, Inc), and through the Brunauer--Emmett--Teller (BET) method, the surface area was calculated. As will be explained later, the 5:95 ZnO nanoflower/TiO~2~ nanoparticle composite was used for the experiments where the material was decorated with Au nanoparticles. Using the same procedure, other pastes were prepared with different proportions of Au nanoparticles for the 5:95 ZnO nanoflower/TiO~2~ nanoparticle composite, which are identified as 5Z-601A, 5Z-550A, and 5Z-418A.

4.3. Solar Cell Assembly {#sec4.3}
------------------------

FTO on glass with a sheet resistance of 15 and 8 Ω/□ was used for the working and counter electrodes, respectively (TEC 15 and TEC 8; Xop Glass). The FTO substrates were sequentially cleaned in an ultrasonic bath of distilled water, ethanol, and isopropyl alcohol for 20 min, followed by drying in air. The working electrodes were prepared by the deposition of different pastes on TEC 15 using screen-printing (ATMA, AT-25PA, a digital electric flat screen printer). To obtain a final thickness of about 11 μm, several layers (between 7 and 11) were deposited in an area of 0.5 cm^2^ with 10 min of heat treatment at 120 °C between each layer. When the desired thickness was reached, the substrates were sintered at 530 °C for 1 h to eliminate the organic binder. The final thickness was measured after sintering using a profilometer (KLA-Tencor AlphaStep D-120). The substrates at 80 °C were immersed in a 0.3 mM ethanolic solution of N719 dye (Dyesol) for 24 h. The sensitized substrates were rinsed with ethanol to eliminate any excess of dye molecules.

For the counter electrodes, two small electrolyte-filling holes were drilled in TEC 8 substrates before cleaning. The substrates were then masked to obtain the same area as the corresponding active area on the working electrodes (0.5 cm^2^), and a drop of Platisol T (Solaronix) solution was brushed onto the exposed area. The substrates were heated to 450 °C for 10 min, resulting in formation of a thin platinum film.

The two electrodes (working and counter) were assembled into a sandwich-type cell using the thermoplastic Surlyn (70 μm) as the sealing material; the cells were sealed in an oven at 215 °C for 100 s. The electrolyte solution was injected through the holes in the counter electrode. The electrolyte consisted of 0.1 M LiI (Aldrich, 99.9%), 0.1 M GuSCN (Aldrich, ≥97%), 0.05 M I~2~ (Aldrich, ≥99.8), 0.5 M 4-*tert*-butylpyridine (TBP, Aldrich 96%), and 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII, Solaronix) in a mixture of acetonitrile (Aldrich, 99.8%) and valeronitrile (Aldrich, 99.5%) (85:15 v/v). The holes were sealed using Surlyn and a microscope cover glass slide. The conductive side of the FTO substrates was painted with a conductive silver paint (SPI Supplies) to improve the external contact. For each paste, three solar cells were fabricated in order to confirm the reproducibility of the fabrication process and the results from the electrochemical analysis.

4.4. DSSC Characterization {#sec4.4}
--------------------------

The crystalline structure of the semiconductor oxide in the electrodes was obtained by X-ray diffraction analysis using a Siemens D-5000 diffractometer at room temperature with Cu Kα radiation (1.5405 Å) within a Bragg angle 2θ range from 20 to 80°.

Photovoltaic characterization was carried out using a setup consisting of a 450 W ozone-free Xe-lamp (Newport Corporation) with a 10 cm water filter and an AM 1.5 G optical filter (Newport Corporation) calibrated to an irradiance of 100 mW/cm^2^ using a certified 4 cm^2^ monocrystalline silicon reference cell with an incorporated KG-5 filter. The *J*--*V* curves were obtained using a Gamry ZRA 3000 potentiostat/galvanostat. EIS, IMVS, and IMPS were performed with an Autolab PGSTAT302N/FRA2 setup, and NOVA 2.1 software was used for data acquisition. The EIS spectra were obtained under red light-emitting diode (LED) illumination (625 nm) using an ac amplitude of 10 mV in the frequency range from 0.1 to 100 kHz. EIS measurements were performed at the *V*~OC~, which was varied using neutral density filters mounted in a filter wheel. IMPS and IMVS measurements were performed at modulation frequencies between 1 mHz and 10 kHz. A red LED (625 nm) was used to illuminate the samples. The EIS, IMVS, and IMPS results were analyzed using ZView software.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00794](https://pubs.acs.org/doi/10.1021/acsomega.0c00794?goto=supporting-info).Nyquist plots of all the DSSCs, equivalent circuit used for the interpretation of EIS spectra, chemical capacitance versus total electron density plots, IMVS and IMPS spectra, FE-SEM images and elemental Au mapping of ZnO/Au nanoflowers, and EDXS spectra of ZnO/Au nanoflowers ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00794/suppl_file/ao0c00794_si_001.pdf))
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